ABSTRACT
INTRODUCTION
Recent advances in fluorescence optical microscopy and associated reagents have dramatically improved our ability to study a wide range of dynamic processes in living cells and embryos. These include fluorescent protein analogs for assaying localization of proteins, dyes and protein analogs that have been developed as indicators of local pH and ion concentrations and dyes that have been used to measure membrane potential and to trace the convoluted paths of axons as they form neural connections (5) . Photochemistry has been exploited to bring us techniques such as caged fluorescein compounds (12, 16) and chromophore-assisted laser inactivation (7) . With this array of capabilities, we have been able to turn living tissues into miniature test tubes for conducting extremely precise experiments.
Missing from this array of fluorescent reagents is the ability to detect gene expression in vivo. Current technology allows one to assay gene expression by in situ hybridization, indirect immunofluorescence or the use of a reporter gene, such as β -galactosidase, placed under the control of the promoter of the gene of interest. All these techniques require that the sample be fixed. The temporal pattern of expression is inferred by correlation with known morphological features. It is clear from the gains made with the aforementioned in vitro detection schemes that a great deal can be learned by studying live samples. Chalfie et al. (4) recently introduced a new reporter gene, green fluorescent protein (GFP), that exhibits intrinsic fluorescence. The utility of this reagent requires further investigation. In the meantime, there is a large number of transgenic animals and cell lines in existence that have employed lacZas a reporter gene. To this end, I have synthesized a fluorogenic substrate for the common reporter gene product, β -galactosidase.
Fluorogenic substrates, compounds that become fluorescent upon enzymatic cleavage, have been developed as sensitive substrates for a variety of in vitro enzyme assays. In fact, fluorogenic substrates for in vivo detection of β -galactosidase are commercially available (5) . However, these reagents have a number of limitations involving cell loading and retention. The compound described here, resorufin β -galactoside bis-aminopropyl polyethylene glycol 1900 (RGPEG), was designed for use in cells and embryos. RGPEG is delivered to cells by either microinjection, electroporation or a variety of bulk-loading techniques. Once inside a cell, the dye is unable to escape either through the plasma membrane or by gap junctions, the latter being particularly important for use in embryos. This report describes the synthesis and characterization of RGPEG.
MATERIALS AND METHODS

Synthesis of RGPEG
α α -Acetobromogalactose ( α α -BrGalOAc, Reference 6): β -D -Galactose pentaacetate (Aldrich Chemical, Milwaukee, WI, USA), 100 mg = 0.26 mmol, was mixed with 65 µ L HBr, 30% in acetic acid (Aldrich Chemical), for 2 h at room temperature. The reaction was diluted with 400 µ L chloroform and extracted with several 1.5-mL volumes of ice water until the aqueous phase was neutral to Congo Red paper. The chloroform layer was dried over CaCl 2 . The sample was split into two equal volumes and the solvent was removed under vacuum.
N-( Resorufin-4-carbonyl)piperidine-4-carboxylic acid O, O′ ′ -bis(2-aminopropyl)polyethylene glycol 1900 amide (RPEG): O, O′ -bis(2-aminopropyl)polyethylene glycol 1900 (Fluka Chemical, Ronkonkoma, NY, USA), 50 mg = 26.3 µ mol, was dissolved in 1 mL acetonitrile. This solution was added to N -(resorufin-4-carbonyl)piperidine-4-carboxylic acid-N ′ -hydroxysuccinimide ester (RESOS; Boehringer Mannheim, Indianapolis, IN, USA), 10 mg = 21.5 µ mol, and incubated in the dark for 2 h at room temperature. This material was used directly in the galactosylation reaction.
N-(Resorufin-β β -D-galactopyranoside tetraacetate-4-carbonyl)piperidine-4-carboxylic acid O, O′ ′ -bis(2-aminopropyl)polyethylene glycol 1900 amide (RGOAcPEG): One portion of α -BrGalOAc was dissolved in the 1-mL solution of RPEG. Silver(I) oxide, 50 mg = 0.22 mmol (Aldrich Chemical), was added to the reaction and left in the dark for 2 h at room temperature. The reaction was then transferred to the second portion of α -BrGalOAc, a second portion of silver(I) oxide was added and the reaction continued overnight.
N-(Resorufin-β β -D-galactopyranoside-4-carbonyl)piperidine-4-carboxylic acid O, O′ ′ -bis(2-aminopropyl) polyethylene glycol 1900 amide (RG-PEG): The silver(I) oxide solid was removed by centrifugation in a microcentrifuge at 4°C. The solvent was removed under vacuum, and the dark brown oil was dissolved in 2 mL dry methanol and then mixed with 18 mL of 132 mM LiOH in dry methanol for 10 min at room temperature. Glacial acetic acid (167 µ L) was added and the solvent was removed under vacuum. This was dissolved in 4 mL of 10 mM Tris-HCl pH 7.5 (buffer A), loaded onto a 200-mL BioGel ® P4 (Bio-Rad, Hercules, CA, USA) column and eluted with buffer A. The first colored fractions were pooled and loaded onto a 200-mL DE-52 (Whatman, Clifton, NJ, USA) anion-exchange column and eluted with buffer A. Fractions that had an absorption ratio of 466/574 greater than 40 were pooled and concentrated under vacuum. The concentration of RGPEG stock solution used in the remaining experiments was 1.5 mM = 3.6 mg/mL.
DrosophilaStrains
The following strains were used in this study: Oregon R was used as wild type; gal N1 /gal N1 deficient in adult β -galactosidase activity; SM6b , Cy Roi al 2 dp lvl cn 2 
Embryo Injections
Drosophila melanogasterembryos were collected and injected as reported by Minden et al. (10, 11) . The volume of injected material was approximately 0.2 nL, which represents about 2% of the egg volume.
Microscopy and Data Analysis
Time-lapse recordings were made at room temperature on an automated microscope modeled after the design of Agard and Sedat (15) . Typical timelapse recordings were made at a single focal plane at 10-min intervals using 20 ×0.8 numerical aperture (N.A.) objective lens and a Texas Red ® filter set (5) for imaging the RGPEG. Up to 20 embryos could be followed in a single session by logging their positions into the computer and recursively imaging at these positions.
The fluorescence intensity increased more than 50-fold when RGPEG was cleaved by β -galactosidase. This increase in fluorescence quickly exceeded the camera's pixel intensity limit. To prevent saturating the camera, software was written to maintain the pixel intensity below the camera's saturation threshold by placing neutral density filters of increasing optical density in the excitation light path. The resulting time-lapse movies were processed in two ways: (i)the images were scaled relative to the neutral density filter employed for each image recorded or (ii) the images were normalized to a standard intensity range. The first treatment provided information about the temporal fluorescence increase, while the Research Repo r ts second treatment allowed one to visualize spatial changes in the β -galactosidase expression patterns. Normalization involved scaling an image so that the original minimum and maximum pixel values were arbitrarily set to 0 and 4095, respectively. Intermediate pixel values were scaled linearly between 0 and 4095. To measure the net increase in fluorescence intensity, the mean pixel intensity was determined by summing the pixel intensity over the entire image and dividing by the number of pixels in the field.
Cuticle Preparation
In situ cuticle preparations of unhatched embryos were performed according to Wieschaus and Nüsslein-Volhard (19) by first gently rinsing off the halocarbon oil with several drops of heptane. This gentle treatment maintained the position of the embryos on the slide so that the cuticular phenotype could be correlated with the β -galactosidase expression level.
RESULTS
Synthesis and Characterization of RGPEG
In testing commercially available β -galactosidase substrates, I found that the newly cleaved fluorescent dyes quickly exited the embryo's cytoplasm and accumulated in the intervitelline space. Embryonic cells are capable of exporting small, negatively charged fluorochromes such as carboxyfluorescein, carboxyfluorescein N -methyl glucamide, calcein and carboxyresorufin. To overcome this export effect, a β -galactosyl resorufin derivative was synthesized with a long hydrophilic polyethylene glycol tail. Injections of the parent compound, RPEG, showed that the dye was effectively retained by the cells of the embryo (data not shown).
RPEG and RGPEG have absorption maxima at 578 nm ( ε 578 = 5.4 ×10 4 ) and 466 nm ( ε 466 = 1.9 × 10 4 ), respectively. The absorption ratio at 466/578 was used to measure the purity of the RGPEG. The typical ratio for RGPEG was routinely greater than 50. Cleavage of RGPEG by β -galactosidase resulted in a 56-fold increase in 578 nm absorption. 
Visualization of lacZin Live Embryos
To demonstrate the localization of the cleaved RGPEG substrate to individual cells, RGPEG was injected into embryos that express lacZunder the control of the engrailedpromoter (enlacZ ). Figure 1 shows a series of images from a time-lapse recording of a ventral view of an en-lacZembryo, where the time interval was 25 min.
Gene Dosage Determination in Live Embryos
One of the major driving forces for the development of RGPEG was the desire to determine the genotype of a living embryo. The ability to genotype an embryo allows one to correlate the developmental phenotype of an individual with its genetic makeup. In addition, it would be possible to physically select embryos of the desired genotype and propagate them in isolation. To determine the genotype of an embryo, one needs a chromosome that can be introduced into the mutant strain of interest and carries both a dominant visible marker and lacZunder the control of a promoter that is activated early in development. Several balancer chromosomes that carrylacZunder the control of either the fushi tarazu( ftz ) or even skipped ( eve ) promoters were used as in vivo markers. Two such stocks were tested to assess the feasibility of using RGPEG for in vivo gene dosage determination.
Nineteen embryos derived from the balanced stock armadillo( arm)/ FM7 , ftz-lacZwere injected with RGPEG. Time-lapse recordings of all the embryos were made in a single recording session by using the programmable capabilities of the motorized stage. Timelapse sequences for each embryo were processed as follows: First, the sequences were corrected for changes in the excitation path neutral density filter. Then the rate of the mean pixel intensity increase was calculated for each embryo ( Table 1) nineteen embryos failed early in development because of manipulation-related defects. As expected, three separate rate distributions were observed. Figure  2 shows a plot of mean pixel intensity for three representative embryos from each class. To gather the maximum fluorescence light from an embryo, the microscope objective was focused on the midsection of the embryo. The benefit of this focus strategy is that each sample can be viewed in the same manner; however, the quality of the images is quite blurred (image data not shown).
The first class, 6 of 15, had a low rate of RGPEG hydrolysis, 1.9 intensity units/ min (IU/min) (standard deviation ( s ) = 0.46). This was similar to that observed for wild-type and Gal -embryos. There was no sign of ftz stripes in any of these embryos. None of these embryos survived to hatching, and all showed cuticular defect identical to the known arm phenotype (18) . Therefore, it was concluded that this class represented arm/ armembryos. The 9 embryos that fell into the other two classes all expressed β -galactosidase in a typical ftz pattern. One class had an average initial rate of 3.4 IU/min ( s = 0.28, n= 4), the other had an initial rate of 5.4 IU/min ( s= 0.62, n= 5). The first class is presumed to be arm/ FM7 , while the second class is presumably FM7/FM7 . All but two embryos hatched. The two non-hatching embryos had wild-type cuticles (data not shown). Subtracting the nonlacZ -expressing rate of 1.9 IU/min as background from the heterozygous and homozygous FM7gave corrected rates of 1.4 and 3.5 IU/min, respectively, showing a more than factor of two difference in β -galactosidase activity. The same experiment was repeated with embryos derived from an Sco / SM2 , Cy eve-lacZstock. Again, three distinct classes of embryo with low, middle and high levels of β -galactosidase activity were observed (data not shown).
Background Fluorescence in WildType and Gal -Embryos
The Drosophilaendogenous β -galactosidase has a pH optimum of 5.0, indicating a lysosomal role (2) . Since RGPEG is injected into the cytoplasm, it was assumed that RGPEG would be kept separate from the lysosomal Drosophila β -galactosidase. To test whether the endogenous β -galactosidase could cleave RGPEG, the substrate was injected into wild-type embryos, and time-lapse movies were recorded. Figure 3 , A and B, shows two normalized images taken from a timelapse recording at the start of gastrulation and 4 hours later, respectively. Initially, there was a uniform, low level of background fluorescence caused by trace RPEG contamination. The fluorescence intensity increased gradually over the next several hours, but remained uniformly distributed. By 4 hours after gastrulation, during germ band retraction, fluorescent material began to accumulate into a punctate pattern concentrated along the ventral midline. Punctate fluorescent spots also appeared in a symmetrical pattern on either side of the ventral midline with a somewhat segmentally repeated pattern. The spots were localized to subcellular compartments within a highly motile population of cells, presumably macrophages (3).
It is not clear how the macrophages become fluorescent in cytoplasmically injected embryos. Macrophages are known to engulf cells undergoing apoptotic cell death (1). Engulfed cell fragments are thought to be degraded in the lysosomal compartment of the macro - phages. Perhaps the cytoplasmic RG-PEG in dead cell fragments is cleaved or concentrated in the macrophage's lysosome, thus giving the punctate, subcellular fluorescence pattern. On rare occasions RGPEG was accidentally injected into the intervitelline space. Figure 3 , C and D, shows two normalized images from a time-lapse recording of an intervitelline injection of RGPEG into a wild-type embryo starting at gastrulation and 4 hours later, respectively. In this extracellular environment, RGPEG was rapidly cleaved with an initial rate almost 15-fold higher than the cytoplasmic rate of hydrolysis. The increase in fluorescence intensity does not appear to be a concentration effect, since intervitelline injections of calcein, which also stays in the intervitelline space, do not show an increase in fluorescence intensity. A number of the dorsoventral and terminal patterning gene products are intervitelline proteases (14) . Perhaps the intervitelline space is home to a wide range of hydrolytic enzymes, including an endogenous β -galactosidase.
RGPEG was injected into gal N1 / gal N1 embryos that lack endogenous adult β -galactosidase activity (8) . Surprisingly, these embryos gave exactly the same results as wild-type embryos (data not shown). It is not clear whether there is a distinct embryonic β -galactosidase or some other broad-range hydrolase present in wild-type and gal N1 / gal N1 embryos. RGPEG was found to be completely stable between pH 5.0 and 9.4. Therefore, the hydrolysis of RGPEG does not appear to be related to the acidic environment of the lysosomal or intervitelline spaces.
DISCUSSION
I have synthesized and tested RG-PEG, a novel substrate for β -galactosidase, designed for use in live cells and embryos. Synthesis can be completed in less than two days using relatively inexpensive and readily available reagents with standard molecular or cell biology laboratory equipment. The resorufin moiety fluoresces in the same wavelength range as Texas Red, which is a common fluorophor used for both conventional and confocal fluorescence microscopy. The photostability of resorufin is similar to fluorescein. However, due to the low-light sensing capabilities of the charge-coupled device (CCD) camera, bleaching has not presented a detection problem. On the contrary, the dye becomes so bright over time, that automatic exposure software had to be created to prevent saturating the CCD detector. It is also possible to image RGPEG cleavage on a standard or laser-scanning confocal microscope. Because of the long hydrophilic tail on RGPEG, the substrate must be introduced into the cell by bulk means such as injection, electroporation or scrape loading.
The in vivo β -galactosidase substrate allowed for the discovery of an endogenous, embryonic hydrolytic activity that is not the same as the adult β -galactosidase. The embryonic activity is found in the intervitelline space and possibly in a subcellular compartment of macrophages, presumably lysosomes. The presence of this hydrolytic activity may limit the utility of RGPEG to between gastrulation and the middle of germ band retraction, when the number of macrophages increases dramatically. The fluorescent signal from the macrophages may obscure detection of newly synthesized β -galactosidase. This limitation has yet to be tested using stocks that express lacZlate in embryonic development.
The presence of the RGPEG hydrolytic activity in the intervitelline space is very curious. Is this activity present to perform a specific function or did it simply leak into the intervitelline space from lysosomes? Further investigation using non-hydrolyzable lactose derivatives or isolating RGPEG hydrolase mutations may shed some light on this observation.
In spite of the background levels of β -galactosidase activity, lacZexpression was easy to monitor in all promoter-lacZconstructs tested-to date engrailed , wingless , fushi tarazu , even skipped , single minded , Ultrabithorax and stringhave been successfully tested. The first examples shown here used embryos that expressed lacZunder the control of either the en , eveor ftz promoter. The polyethylene glycol moiety of RGPEG is large enough to prevent diffusion between cells connected by gap junctions, but its diffusion rate will still be too high to allow visualization of spatial expression patterns of genes activated before cellularization. The earliest detection of patterned β -galactosidase expression was 20-30 min after the completion of cellularization at 21°C. In principle this time point could be advanced by increasing the promoter strength or copy number.
To gain a more complete understanding of the impact a mutation has on an organism's development, one needs to be able to determine the precise spatial and temporal changes that arise during development. A prerequisite for this sort of analysis is the precise determination of the embryo's genotype. The results from the gene dosage determination experiments demonstrate that RGPEG can be used effectively to determine the genotypes of live embryos. Even though the sample number was low, the three classes differed by more than two standard deviations in both experiments. To determine the precise genotype, one needs to accurately determine the RGPEG hydrolysis rate, which requires a rather sophisticated imaging system. This is not necessary if one simply wants to distinguish between an embryo homozygous for the non-lacZ -bearing chromosome and embryos with at least one copy of the lacZ -bearing chromosome. Because of trace contamination of RGPEG with RPEG, it is easy to distinguish between non-expressing embryos and non-injected embryos. Currently we are limited to gene-dosage determination of cellularized embryos. In principle, one could determine gene dosage of genes expressed prior to cellularization using the appropriate construct. However, one will not be able to visualize patterned expression due to the high diffusion rate of RGPEG.
There are a large number of applications for RGPEG in studying embryonic development. One is fate-mapping, where cells that express a particular gene can be permanently tagged by photoactivation of a caged fluorescein marker (12, 16) . In this way even if the gene is turned off later in development, one can trace the behavior of the marked cell's descendants. A second application is targeted cell ablation. Cells that carry fluorescent markers are photosensitive and can be killed by intense fluorescence-activating light (9, 13) . One can selectively kill β -galactosidase-expressing cells by irradiating single cells with a microbeam of light. The experiments reported here used light intensities well below the cell lethal threshold. The ability to selectively kill a subset of β -galactosidaseexpressing cells, and not all β -galactosidase-expressing cells, provides the researcher with an internal control for monitoring behavioral changes. Finally, we are currently developing differentcolored enzymatic substrates for different reporter genes. These will allow one to simultaneously visualize more than one gene in a live embryo so that interactions between different genes and their products can be monitored. Recently, Chalfie et al. (4) and Wang and Hazelrigg (17) reported that the Aequorea victoriaGFP can be used for visualizing gene expression in live Caenorhabditis elegans adults and Drosophilaegg chambers, respectively. GFP may provide a powerful complement to the red fluorescence of RG-PEG. Issues of GFP extinction coefficient, abundance and autofluorescence background still need to be resolved for GFP to reach its full potential. Since RGPEG is an enzymatic substrate, low levels of lacZexpression are readily detectable without background autofluorescence interference.
